Adolescent idiopathic scoliosis (AIS) is a 3-dimensional spinal deformity. The prevalence of AIS in children between the ages 6 and 17 years is 1.34% for a Cobb angle of 10° or more.[@R1] A meta-analysis showed that 38% (95% CI, 23.8%--52.13%) of children screened at school and referred to an orthopedic surgeon actually have an AIS.[@R1] A major challenge with AIS is the difficulty to predict curve progression at the initial presentation for patients diagnosed with the disease.

The main risk factors used to predict curve progression are (1) maturity (chronological age, skeletal age from Risser sign and Tanner-Whitehouse, menarchal status), (2) curve magnitude, and (3) curve location.[@R2],[@R3] Treatment and follow-up intervals are actually oriented using these risk factors. Unfortunately, these factors give an imprecise prediction of the final deformation. A nomogram made to assess incidences of progression for a specific curve was developed by Lonstein and Carlson.[@R3] However, they suggest not using the nomogram to determine treatment, but only as a guide to advise family on the chance of progression. This uncertainty in curve progression and outcome can create anxiety for families and patients with scoliosis, and unnecessary psychosocial stresses associated with brace treatment. Consequences of that incertitude might include delay in treatment, unnecessary treatment, more aggressive treatment, unnecessary radiographs, and unnecessary medical visits.

Genetics tests to predict the outcome of a specific curve are available. It is good to detect the nonprogressive or the rapid progressive curves. An independent study showed that ScoliScore could provide a better risk stratification than traditional Lonstein and Carlson criteria.[@R4] But it still needs to be validated on long-term cohort study.

Previous data suggest that the 3-dimensional (3D) morphology of the spine can help in predicting the progression of AIS. A recent retrospective study showed that various 3D morphological parameters were different at the first visit between a nonprogressive (NP) group and a progressive (P) group.[@R5] Unfortunately, the retrospective nature of that study precludes any strong conclusion about the clinical relevance of using 3D spinal morphology to detect progressive AIS, highlighting the importance to perform a prospective study.

The objective of this prospective study was to evaluate the differences in 3D morphological spine parameters between a P AIS group and a NP AIS group at the first visit.

MATERIALS AND METHODS
=====================

A study based on a prospective cohort was performed. A prospective cohort was recruited in a single center from January 2006 to May 2010. The inclusion criteria were (1) first visit with an orthopedic surgeon for AIS, (2) Cobb angle between 11° and 40°, and (3) Risser sign of 0 or 1. The exclusion criteria were (1) congenital, (2) neuromuscular, or (3) syndromic scoliosis. This research was approved by the ethics institutional review board (Research Center, Sainte-Justine University Hospital Center), and all subjects (and/or legal guardians) signed an informed consent to participate in the study.

At the first and all subsequent visits, each patient had lateral and posteroanterior spine radiographs. Patients were followed by 1 of 4 spine surgeons, with intervals of follow-up chosen by the treating surgeon. The follow-up concluded at skeletal maturity (at least Risser 4) or with a surgery (for the study). Brace treatments were permitted according to the treating physician, but braces had to be removed the night before the appointment.

All patients of the cohort were included, but divided in 2 groups according to the magnitude of their last Cobb angle at skeletal maturity (Risser 4) or before surgery. The first group was a progressive (P) group defined by a progression of 6° between the first and last visits. The second group was a nonprogressive (NP) group defined by a progression of less than 6° between the first and last visits. A 6-degree cutoff was chosen as it represents the measurement error on radiographs.[@R6]

All patients underwent a 3D spinal reconstruction of the radiographs at the first visit (posteroanterior and lateral views). Radiographs were done either with EOS system (EOS Imaging, Paris, France) or standard Fuji system (Fujifilm, Tokyo, Japan). Reconstructions were completed with 2 software programs Spine 3D (LIS3D; Montreal, Canada) and IdefX (LIO; Montreal, Canada), by one research assistant considered an expert in the technique. Two programs were used because radiographs obtained from the Fuji system could only be reconstructed with Spine 3D. Spine 3D software uses algorithms based on direct linear transformation combined with the nonstereo corresponding points algorithm[@R7],[@R8]; this is based on the identification of corresponding anatomical landmarks on vertebrae from stereoradiographs. IdefX software uses a semiautomated method based on *a priori* knowledge.[@R8] Pomero *et al*[@R9] showed that there is no difference in terms of mean errors between 3D vertebral models issued from stereoradiography (nonstereo corresponding points algorithm and semiautomated) and computed tomographic--scan reconstructions. The precision of these reconstructions has previously been shown to be very satisfactory with mean point-to-surface errors of less than 1.5 mm and less than 2° for angular measurements when compared with conventional computed tomographic--scan reconstructions.[@R8],[@R10] Therefore, both software generated 3D reconstructions of comparable precision.

All measurements were computerized 3D radiological measurements completed with the same custom software IdefX (LIO) for all reconstructions.

The calculated parameters were divided into 6 categories. Each category refers to global (whole spine), regional (scoliotic segment), and local (vertebra) descriptors. Vertebra centroid is understood as the halfway point between the centers of the 2 endplates of the vertebra. The local vertebra axis system is defined by the SRS 3D terminology group as follows:

> the origin is at the centroid of the vertebral body (half way between the centers of the 2 endplates), the local *z*-axis passes through the centers of the upper and lower endplates, and *y*-axis is parallel to a line joining similar landmarks on the bases of the right and left pedicles.

1.  Cobb angles:

    Cobb angles defined as the angle between the upper and lower endplate of the respective end vertebrae of a curve. Cobb angle was measured in the frontal plane, in the plane of maximal deformation in 3D, and in the sagittal plane for thoracic kyphosis (T4--T12) and lumbar lordosis (L1--L5).

2.  Plane of maximal deformation:

    Axial angle of the plane in which the Cobb angle is maximal ([Figure 1](#F1){ref-type="fig"}). Figure 1.Plane of maximal curvature.

3.  Three-dimensional wedging of vertebral body and disk:

    Wedging of the apical vertebral body in the plane of maximal deformation (3D plane) and mean maximal 3D wedging of the 2 apical intervertebral disks ([Figure 2A--D](#F2){ref-type="fig"}). Maximal 3D wedging represents the wedging measured in the plane, wherein the wedging value is maximal around the vertical axis.[@R10] If apex was a disk, then the mean of the 3D wedging of both apical vertebral bodies was calculated and only the 3D wedging of the apical disk was documented. Three-dimensional disk wedging was analyzed for all levels of the spine (from T1--T2 to L4--L5). Figure 2.**A**, Three-dimensional wedging of vertebral body. **B**, Axial intervertebral rotation at inferior junctional level. **C**, Slenderness (height/width ratio illustrated). **D**, Mean of apical disc 3D wedging. 3D indicates 3-dimensional.

4.  Axial intervertebral rotation of the apex, upper, and lower junctional level and thoracolumbar level:

    Rotation between 2 adjacent vertebrae at upper, apical, and lower curve levels and thoracolumbar junction (T12--L1) in the axial plane according to the inferior local vertebrae reference ([Figure 2B](#F2){ref-type="fig"}).

5.  Torsion:

    Mean of the sum of intervertebral axial rotation (measured according to the local referential of the inferior vertebrae) of the 2 hemicurvatures of the curve (between upper end vertebra and apex and between lower end vertebra and apex) ([Figure 3](#F3){ref-type="fig"}). Figure 3.Torsion.

6.  Slenderness (local T6, T12, and L4 and regional T1--L5):

    Ratio between the height (distance between the superior and inferior endplates at the center of the vertebrae) and the width (measured at the center of the vertebrae using a line perpendicular to the height line in mediolateral direction) of the vertebral body for T6, T12, and L4 vertebrae ([Figure 2C](#F2){ref-type="fig"}). Ratio between the length of the spine from T1 to L5 and the mean of the width of vertebral bodies of T6--T12 and L4. The same measurement was made by replacing the width by the depth (a line perpendicular to the height line at the center of the vertebra in an anteroposterior direction). This is the height-depth ratio.

RESULTS
=======

At the time of the analysis 133 patients, made up of 117 females and 16 males, could be included in the study.

The mean age was 12.6 years at the first visit with a mean Cobb angle of 22.1° ± 8.4°. There were 32 right thoracic curves, 48 double curves (22 main thoracic, and 26 main left lumbar), 7 triple curves, 36 left thoracolumbar curves, and 10 either right lumbar or left thoracic curves. In total, 58 patients had their first-visit radiographs obtained with the Fuji system and 75 with the EOS system. All descriptive statistics are presented in [Table 1](#T1){ref-type="table"}.

###### Descriptive Parameters

                     Cohort        NP            *P*
  ------------------ ------------- ------------- -------------
  n                  133           80            53
  Age (yr)           12.6 ± 1.2    12.6 ± 1.2    12.6 ± 1.2
  Sex                                            
   Male              16            7             9
   Female            117           73            44
  Risser                                         
   0 and TR open     48            22            26
   0 and TR closed   47            30            17
   1                 38            28            10
  Cobb angle (°)     22.1 ± 8.4    21.3 ± 8.3    23.4 ± 8.6
  Follow-up (mo)     36.7 ± 13.6   35.1 ± 14.2   38.9 ± 12.3
  Type                                           
   RT                35            22            13
   RT-LL             22            10            12
   LL-RT             26            18            8
   Triple            7             1             6
   LTL               36            26            10
   Other             7             3             4
  Treatment                                      
   Observation       51            44            7
   Brace             67            36            31
   Surgery           15            0             15

NP indicates nonprogressive; P, progressive; n, sample size; TR, triradiate cartilage; RT, right thoracic; RT-LL, right thoracic-left lumbar; LL-RT, left lumbar-right thoracic; LTL, left thoracolumbar; other, left thoracic, right lumbar.

Although 15 patients underwent surgery as final treatment, 67 patients underwent brace treatment. The mean follow-up was 36.7 months (range, 12--67 mo).

Between the last and first visits, 80 patients with AIS had a Cobb angle difference of less than 6° and 53 had a difference of 6° or more. There was no significant difference between the 2 groups in regard to age (12.6 yr, *P* = 0.8 for both groups) and Cobb angle (21.3° NP and 23.4°*P* = 0.7) at the first visit.

In total, 10 parameters showed significant differences at the first visit. All results are presented in [Table 2](#T2){ref-type="table"}.

###### Values of the Different Parameters Measured at the First Visit and Their *P* Values

  Parameters                            Nonprogressive   Progressive   *P*
  ------------------------------------- ---------------- ------------- -------
  Kyphosis                              25               20.6          0.02
  Lordosis                              47.1             45.6          0.45
  2D Cobb angle                         21.3             23.4          0.2
  3D Cobb angle                         30               27.8          0.2
  Angle of plane of maximal curvature   51.4             63.5          0.001
  Apical vertebral body wedging         2.5              2.5           0.9
  Apical disk wedging                   5.8              6             0.6
  Upper curve disk wedging              3.5              4             0.2
  Lower curve disk wedging              6.5              6.1           0.6
  Apical intervertebral rotation        5.7              8.1           0.006
  Upper curve intervertebral rotation   2.4              2.8           0.2
  Lower curve intervertebral rotation   1.6              1.9           0.3
  T12--L1 intervertebral rotation       2.1              1.9           0.6
  Torsion                               3.1              4.5           0.02
  T6 width slenderness                  56.9             55.3          0.09
  T6 depth slenderness                  67               65            0.05
  T12 width slenderness                 54.3             52.5          0.1
  T12 depth slenderness                 70.3             67.2          0.03
  L4 width slenderness                  52.1             50.3          0.009
  L4 depth slenderness                  76.5             73.5          0.007
  T1--L5 width slenderness              11.5             11.3          0.05
  T1--L5 depth slenderness              15.3             14.9          0.005

3D indicates 3-dimensional; 2D, 2-dimensional.

DISCUSSION
==========

Prediction of progression in AIS is predominantly based on skeletal and chronological age as well as on the type and magnitude of the curve. These risk factors are insufficient in predicting precisely the progression of the curve at the first visit. This prospective study identified differences in spine morphology between P and NP AIS, and these findings could significantly increase the precision of the prediction of final deformation.

The first and more important significant parameter was the angle of the plane of maximal curvature, which was 12.1° higher in the P group. In their longitudinal study, Villemure *et al*[@R10] found a tendency for the plane of maximal curvature to increase with the severity of deformation. This is the first study that showed potential for a 3D parameter for identification of a progressive curve in AIS. A recent study by the Scoliosis Research Society 3D Scoliosis Committee[@R11] showed that for a similar 2-dimensional scoliotic deformity 2 spines can have a totally different 3D morphology and emphasized the importance of a new 3D classification. This study could provide a new parameter for dividing the different geometrics of deformation, increasingly interesting should such a parameter be a risk factor of progression.

The second significant difference between P and NP AIS was the kyphosis being 4.4° less in the P group. This finding is of particular interest because it supports the buckling theory for AIS etiology. Porter[@R12] showed that the spinal canal length was smaller to the anterior vertebral body length in scoliosis and that such a disparity increases with rotational deformity. This asymmetrical growth between anterior and posterior spine leads to buckling of the spine and, eventually, the classical 3D deformity seen in AIS. This is also in accordance with the asymmetrical growth theory published by Guo *et al*,[@R7] stating that there is an anterior overgrowth of the vertebral body. The difference in kyphosis is small, but all measurements were taken on small curves at the first visit and with no difference in Cobb angle. Therefore, it is a finding with clinical significance as it could be indicative of a new risk factor for progression.

The third significant parameter was the apical intervertebral axial rotation with 2.4° more rotation in the P group. Villemure *et al*[@R10] showed that, in some cases, axial rotation increased toward convexity of the curve with curve severity. In this study, a significant difference was found for this parameter at the first visit between the P and NP AIS.

The fourth significant parameter was torsion, with 1.4° more torsion in the P group. This is in accordance with results found by Champain,[@R13] who observed that the progressive curve had a torsion more than 5°. The population used in this study had at least a moderate deformation explaining why their values are more significant.

The last group of parameters that presented significant difference was slenderness based on the ratio between height and depth of the vertebral body. The difference was present for the local measurement of T6--T12 and L4 and for the general measurement of the whole spine (T1--L5). This parameter was described by Skogland and Miller[@R14] as the height/width ratio measure on simple radiographs. The authors found a higher ratio for AIS, than control subjects, for T6 and L4 vertebrae. Guo *et al*[@R7] also found a higher height/depth ratio for T6 in AIS than controls on magnetic resonance images. These findings support the theory of slenderness. This study did not find a higher ratio for P AIS. On the contrary, all height/depth ratios (for T6--T12--L4 and whole spine) were higher for NP AIS, and the height/width of L4. Despite that no real explanation could be found, this is not considered a random finding as all ratios are statistically significant between P and NP AIS.

Villemure *et al*[@R10] found a concomitant progression between curve severity and 3D vertebral body wedging. This study did not reveal any differences in vertebral wedging for P and NP AIS, likely because the magnitude of the Cobb angle was the same at the initial visit. Additional longitudinal analyses of the cohort could eventually confirm this finding.

A limitation of this study is the small values found for the difference between the 2 groups. Larger differences were not expected because all patients evaluated at the first visit presented with similar Cobb angle curves less than 40°. Consequently, classic parameters such as curve magnitude, curve type, and skeletal maturity would not have been of any help in predicting progression of deformation.

A strength of this study is that it has been designed prospectively, and the 2 groups were equivalent at the first visit and all data were collected in the majority of patients. Subsequently, the sample size is greater possibly contributing to the successful identification of significant differences between P and NP groups.

CONCLUSION
==========

To our knowledge, this is the first study that has evaluated 3D morphological spine parameters at the first visit with positive findings. This could become of crucial importance for the follow-up planning of patients with AIS after their first visit.

Key Points
==========

Progressive AIS is hypokyphotic at the initial visit compared with an equivalent NP group.There is significant difference between nonprogressive and progressive AIS with respect to the plane of maximal curvature, torsion and apical intervertebral rotation at the first visit.Slenderness based on the depth of the vertebral body is higher, using local and regional measures, for nonprogressive AIS at the first visit.
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